ABSTRACT: Rapid, complex movements of orofacial structures are essential to produce the sounds of speech. A central problem in speech production research is to discover the neural sources that generate the control signals supplied to motoneurons during speaking. Speech movement production appears to share organizational principles with other motor behaviors; thus speech movements probably arise from an interaction of centrally generated command signals with sensory information. That speech movements are ultimately linked to the perception of language, however, has led many investigators to suggest that speech movement control involves unique features, features that may be linked to abstract linguistic units.
INTRODUCTION A. Components of the Speech Production Process
The sound generated by a speaker is a product of coordinated, multilevel motor processes that are usually divided into three components: respiratory system, larynx, and the supralaryngeal vocal tract. The respiratory system serves as the power supply for speech by generating the pressures necessary to drive the vibration of the vocal folds and to excite the vocal tract. The larynx functions as a sound source for voiced sounds (the vowels and some consonants, for example, "b" and "d"). The sound generated by the larynx is quasiperiodic and tone-like, but it is not distinctive (except in tone languages) for the particular vowel or consonant being produced.
The third component, the vocal tract, operates as an acoustic transmission line that filters the sound produced at the larynx. Changing the shape of the vocal tract changes the resonance characteristics of the tract. For example, the acoustic cues that allow us to distinguish the two vowels "ah" and "ee" arise from differences in vocal tract configuration. Thus, the vocal tract is modeled as a filter (Fant, 1960) , with bandwidth and resonance frequencies arising from the overall configuration of the vocal tract, which, in turn, is determined by the relative positions of the pharynx, velum, tongue, jaw, and lips. In addition, for some consonants, the vocal tract serves as a sound source. For example, the constriction of the tongue and teeth provides a noisy sound source for "s".
In normal conversation, a speaker produces 3 to 5 syllables per second (Ramig, 1983) ; thus, the nervous system has the complex task of simultaneously controlling and coordinating the movements of the articulators to produce rapidly altering vocal tract configurations. Understanding the neural bases of speech production presents a great challenge to the neuroscientist interested in brain/behavior relationships. What principles of neural organization underlie this uniquely hu-man behavior? The present review focuses on evidence relevant to this question by examining the control of movement in the anterior portion of the vocal tract, the jaw, lips, and tongue, during speech. This is only part of the speech production process, but dynamic control of these structures is essential to generate appropriate segmental (speech sound) information. Furthermore, research on the control of these structures has dominated the experimental inquiry into the physiological bases of speech production.
B. The Search for Units
A central debate in speech production research and theory has focused on the problem of the appropriate unit for analysis. Mastication, locomotion, and other repetitive, rhythmic motor behaviors have a consistent cycle, which serves as an obvious unit for analysis of the behavior. An analogous unit for the analysis of speech production is not apparent. Because the perception of language ultimately arises from the production of speech, linguistically derived units often have been proposed as the organizational units for the production process. Some of the earliest systematic investigations of the physiological bases of speech production were motivated by the need to make speech visible, so that the deaf could learn to speak (Bell, 1867) . Accordingly, descriptions of the positions of the articulators were developed for each speech sound. The underlying assumption was that individual speech sounds, called phonemes by linguists, were the basic unit of production. This field of investigation came to be designated "physiological phonetics", underscoring the importance of the phoneme as the presumed unit of production.
When methodology for recording acoustic signals became available, phoneticians segmented the speech acoustic signal into parts that "belonged to" each sound. Thus, the acoustic characteristics associated with each sound (and, by implication, the articulatory gestures necessary for that sound) were specified. For example, "t" is characterized by a noise burst produced by the release of the lingual-palatal constriction. According to phonetic theory, then, speech could be segmented into a linear string of phonemes, with each phoneme arising from a distinct articulatory configuration.
Closer analysis of the speech acoustic signal and the advent of techniques for recording movements of the articulators during speech brought serious challenges for the concept of the phoneme as the unit of production. First, it was discovered that the same phoneme could be produced with widely varying articulatory movements. This variability depended on the speaker, rate of production, amount of stress, and the nature of the surrounding phonemes (reviewed by MacNeilage, 1970) . Such data indicated that an invariant vocal tract configuration for each phoneme did not exist.
A second challenge for classic phonetic theory came from the discovery that articulatory movements associated with the production of one phoneme can occur in the time frame assigned to another phoneme in the string. This phenomenon, called "coarticulation", was documented by many different investigators, working with a number of different languages. For example, Daniloff and Moll (1968) examined the time of occurrence of lip rounding (protrusion and constriction of the lips) in English utterances such as "eaten stew", "since true", and "construe". Lip rounding is a phonetic feature of ("belongs to") the final "u" sound of each of these utterances. It is not needed for the production of any of the preceding sounds, yet lip rounding movement for "u" begins well ahead, as many as four consonants in a sequence preceding the vowel. Furthermore, this "anticipatory coarticulation" crosses syllable and word boundaries. "Backward coarticulation" also occurs, so that articulatory features of a phoneme show up during subsequent sounds.
Observations of coarticulatory phenomena and discussions of the theoretical significance of coarticulation have been a major focus of the speech production literature since 1960 (e.g., Kent and Minifie, 1977) . Both kinematic and electromyographic techniques have been brought to bear on the problem. As one would expect, these data have led some investigators to abandon the phoneme as the basic unit of production. Other linguistically derived units have been proposed, some larger than the phoneme, such as the syllable, and some smaller than the phoneme, for example, the phonetic feature (for a review of speech production models, see Kent et al., in press) . Some theorists retained the phoneme as the basic input unit, but argued that the phoneme was translated into a spatial goal (articulatory target) at a high level (e.g., MacNeilage, 1970) .
Other investigators argued that the search for invariant aspects of linguistic units, phonemes and syllables, in movement or electromyographic (EMG) signals is misguided (Moll et al., 1977) . They suggested that, while linguistic units may have a neurophysiological representation at higher levels of central nervous system (CNS) processing, these levels are not transparent to the types of analyses (kinematic and EMG) being employed to discover their properties. In other words, it was suggested that invariant aspects of linguistic coding may exist in the CNS, but that this coding may not be discoverable in peripheral physiological events. Rather than interpret articulatory movement and muscle activity in relation to a set of a priori assumptions about the input units, Moll et al. suggested that the data should be interpreted within the same context used to study movement production in general. They concluded that the vocabulary and methods of analysis adopted in speech production research should be the same as those used to study locomotion, mastication, and other motor behaviors.
C. Current Theoretical Perspectives
Today, the points of view described above persist. Models of speech production take many different forms and attempt to achieve a variety of goals (Kent et al., in press ). For example, some models attempt to generate the speech acoustic signal by computer simulation of vocal tract shapes (e.g., Scully, 1987) . Other investigators focus on the application of general models of the neural control of movement to the production of speech (e.g., Barlow and Farley, 1989) . It follows that experiments involving assessment of anterior vocal tract movement and muscle activity have a wide variety of aims and interpretations. At least three major theoretical camps can be distinguished.
Linguistically driven research -Linguistic and phonetic theories continue to provide a major context for research on articulatory movements, with ongoing debates concerning the "physiological" and "psychological reality" of the phoneme and syllable (e.g., MacNeilage et al., 1985) . Large collections of speech error data in which phonemes are moved or exchanged, for example, production of "the ricious vat" for "the vicious rat", are said to provide compelling evidence for the phoneme as a production unit (MacNeilage et al., 1985; Shattuck-Hufnagel, 1987) . These results are interpreted to support models in which higher-level processes select and order phoneme inputs that are translated into "motor commands" at lower levels. Such theoretical positions motivate current physiological experiments, for example, Mowrey and MacKay (1990) . Speech production as movement production -A number of investigators have adopted the point of view that peripheral oral motor processes in speech should be analyzed without assumptions regarding the underlying units (e.g., Abbs, 1986; Folkins and Kuehn, 1982; Moll et al., 1977 ). Thus, a major goal of research in recent years has been to apply concepts developed in the literature on the neurophysiological bases of movement production to the problem of motor control in speech. This point of view has motivated investigations of reflexes (e.g., Smith et al., 1985) , comparative investigations of speech and motor behaviors, such as mastication (e.g., Ostry and Flanagan, 1989) , and experiments in which kinematic and electromyographic responses to mechanical perturbations delivered during speech production are observed (e.g., Gracco and Abbs, 1985) .
The task dynamics (or action theory) approach -This perspective is related to the second viewpoint described above, as it also places the study of speech production within a general motor control perspective. It is listed separately, however, because proponents reject classic neurophysiological concepts, such as reflexes and pattern generators, and offer an "action theoretic" account of movement production. This point of view has been described in detail for speech (Fowler et al., 1980; Kelso et al., 1986; Saltzman and Munhall, 1989) . Under this view, movement production is accomplished through the organization of functional synergies or "coordinative structures" that are modeled as coupled limit cycle oscillators. Physiological experiments on structures of the anterior vocal tract motivated by this theoretical approach have had as their primary goals uncovering functional, "task dynamic" linkages between structures and describing the movements of the articulators as reflecting limit cycle processes (e.g., .
A large literature has accumulated since work on speech movement control began in the latter part of the nineteenth century. As the paragraphs above suggest, a widely accepted theoretical framework or model of speech production has not emerged. Rather, progress in speech production research has been made by exploration of many different experimental paths. Given the complexity and variety of the processes important to understanding the neural control of orofacial movement in speech production, ranging from communicative intent to the unusual biomechanics of the tongue, this diversity of experimental frameworks is perhaps predictable.
For the purposes of the present review, an awareness of the diverse approaches to problems in speech movement control is important, because a single experimental result may be given disparate interpretations by different investigators. The present reviewer is most closely aligned with the second point of view described above, and this review will reflect this bias.
II. PATTERNS OF MOVEMENT AND MUSCLE ACTIVITY

A. Methodology
Although earlier investigators developed ingenious methods of transducing articulatory movements (e.g., Stetson, 1951) , a significant breakthrough in speech production research came in the 1960s with the development of lateralview, high-speed X-ray motion pictures (cineradiography) for recording speech movements (Moll, 1960) . Laborious, frame-by-frame measurements of positions of metal markers attached to the tongue and other structures were necessary to obtain kinematic records from the films. Despite the labor-intensive requirements of the methodology, many significant studies were completed with cineradiographic techniques (e.g., Daniloff and Moll, 1968; Kent and Netsell, 1971; Kent and Moll, 1975; Kuehn and Moll, 1976) . The advantage of cineradiography for observing speech is that movements of many different structures, including upper lip, lower lip, jaw, tongue tip, tongue dorsum, and velum may be tracked simultaneously. Furthermore, normal patterns of movement are not restricted by the presence of any appliance. An obvious disadvantage is that subjects are exposed to radiation; thus, the amount of data that may be collected from each subject must be limited.
More recently, a computer-controlled, X-ray microbeam system has been developed for tracking movements of pellets attached to articulatory structures during speech. The prototype was developed at the University of Tokyo (Kiritani et al., 1975) , and an improved system has been installed at the University of Wisconsin to serve as a national speech research facility (Nadler et al., 1988) . This system substantially reduces the radiation dose compared with ordinary cineradiographic methods, and the computer-controlled pellet-tracking system produces movement trajectories without labor-intensive measurement. At present, however, only a few, preliminary reports using this promising technology for speech movement analysis have appeared (e.g., Flanagan et al., 1990) .
Other techniques have been developed to monitor tongue movements, for example, those that employ ultrasound (e.g., Keller and Ostry, 1983) or alternating magnetic fields (e.g., Schonle et al., 1983) , but, again, these technologies have not been used widely. Most speech kinematic data reported over the past 15 years have been collected with a simple, inexpensive, and noninvasive transduction system that consists of resistive wire strain gauges mounted on cantilevers (Barlow et al., 1983) . The cantilevers may be attached to upper lip, lower lip, and jaw, but a major limitation is that they cannot be used to track tongue movement. As a result, much less kinematic data are available to describe tongue movements, compared with movements of the lips and jaw.
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B. Characteristics of Individual Articulators
The Mandible
Movements of the mandible in speech production occur over a restricted range relative to the range of maximum possible movements and in relation to the movements observed during mastication. Figure 1 shows movements of the mandible recorded during speech and mastication by one subject. Human chewing often involves an incisal opening of 15 to 40 mm, while the range of mandibular openings characteristic of normal speech production is approximately 3 to 20 mm (Folkins, 1981; Hughes and Abbs, 1976; Gibbs and Messerman, 1972; Karlsson and Carlsson, 1990; Luschei and Goldberg, 1981) . Gibbs and Messerman noted that lateral movements of the mandible for speech are particularly restricted when compared with lateral movements observed in mastication, but that horizontal motion (when   SAGITTAL   SP   CH   5mm expressed as a percentage of vertical motion) was greater for speech than for chewing. Most investigations of speech-related movements of the mandible have transduced motion from a single point, either in one (usually vertical) or two dimensions (sagittal plane), but recent studies by Westbury (1988) and Edwards and Harris (1990) indicate that jaw motion for speech involves both rotation and translation. Therefore, more accurate descriptions of jaw motion for speech will require transduction of movement from two points on the mandible.
A number of investigators have studied the activity of muscles of the mandible during speech production (Folkins, 1981; Moore et al., 1988; Sussman et al., 1973; Tuller et al., 1981) . Results of these studies suggest that, among the jawclosing muscles, masseter and temporalis show less speech-related activity than medial pterygoid. There is, however, considerable variability in jaw-closing muscle activation patterns between subjects and within subjects over repeti-FRONTAL A FIGURE 1. Movements of the mandible for speech (SP, upper pair) and mastication (CH, lower pair) in the sagittal (left pair) and frontal (right pair) planes. Movements were transduced with a strain gauge cantilever attached to the skin beneath the mental symphysis. Data are derived from two second records for each behavior performed by a single subject.
tions of the same utterance. These investigations also consistently report high levels of activity in the anterior belly of digastric (ABD) for speech production. On the basis of qualitative observations, Sussman et al. (1973) , Folkins (1981) , and Tuller et al. (1981) reported that closing muscles were active prior to and during jaw-closing movements, ABD was active prior to and during jawopening movements, and lateral pterygoid showed inconsistent patterns of activation in relation to jaw movement. Folkins, however, noted that medial pterygoid was often active when jaw-closing movements were not occurring nor imminent.
On the basis of such observations, it was widely assumed that in speech, as in mastication, "antagonistic jaw muscles seldom, if ever, cocontract to a significant extent .. . . When the anterior digastric is active, the jaw-elevating muscles are relatively quiet, and vice versa" (Folkins and Kuehn, 1982) . Moore et al. (1988) suggested that this conclusion was surprising, given the mechanical advantages for position control with coactivation of antagonistic muscles and the experimental finding that monkeys consistently coactivate jaw-opening and -closing muscles during performance of conditioned static positioning and sinusoidal jaw-tracking tasks Luschei, 1983, 1988) . Thus Moore et al. (1988) examined mandibular muscle synergies in human subjects by recording activity of masseter, temporalis, medial pterygoid, and ABD during mastication, reading, and production of discrete speech and nonspeech tasks. The activity of masseter and temporalis was recorded with surface electrodes; activity of medial ptergoid and ABD was recorded with hooked-wire intramuscular electrodes. Zero-lag cross correlation coefficients were computed between the amplitude envelopes of the EMG of all possible muscle pairs.
As 
The Lips
Movements of the lips in speech extend the length of the vocal tract ("oo"), contribute to oral constriction to produce noise ("f"), and stop, then release, air flow ("p"). It is not clear to what extent the lips can be modeled as a single articulator with the common goal of controlling interlabial distance. In kinematic analysis of the anterior vocal tract, this assumption simplifies measurement, so that instead of reporting separate movements of the upper and lower lips, changes in the distance between the lips are reported (e.g., the LO measure of Kent and Netsell, 1971) . On the other hand, as Folkins and Kuehn (1982) have noted, the upper and lower lips engage in distinct articulatory movements for sounds such as "v". Furthermore, the control of lower lip position, unlike that of the upper lip, must be highly related to the control of mandibular position. Abbs and Gracco (1984) have made a very strong argument that control of upper and lower lip movements for speech is independent, with distinct neural mechanisms operating for each (see Section III.C.4, below).
Mean lower lip vertical displacement for speech is approximately 12 mm (Sussman et al., 1973; Kuehn and Moll, 1976) ; the range of upper lip vertical displacements is approximately half that of the lower lip (Gracco, 1988; Sussman et al., 1973) . Figure 3 shows upper lip and lower lip movements for the utterances "I say bat" (upper panel) and "I say vat" (lower panel). As Figure 3 and data from Sussman et al. (1973) anterior) dimensions. The arrow represents the time of bilabial constriction for "b" or labial-dental contriction for "v". Note the synergistic movements of UL and LL in both dimensions for "b"; for "v", the UL shows little movement.
lip can be synchronous for bilabial closing for some sounds (p,b,m, see "bat" in Figure 3 ) and asynchronous for others (f,v, see "vat" in Figure   3 ).
There have been many investigations in which the activity of lip muscles has been recorded during speech (see reviews by Blair and Smith, 1986; Folkins and Kuehn, 1982) . The majority of the earlier investigations explored hypotheses derived from linguistic theory; for example, Hamfis et al. (1965) examined EMG data for evidence of the "tense/lax" distinction for bilabial consonant production. The rationale for electrode placement in these studies was loosely based on anatomical considerations. It was generally assumed that individual muscles behaved in predictable ways: orbicularis oris is active for constriction and protrusion of the lips (as in "p" or ""00), depressor labii inferior is active for lowering the lower lip ("hay"), mentalis functions to elevate and/or protrude the lower lip ("p" or "f"), etc. EMG data were interpreted in the main to support the assumptions about the role of individual muscles. However, from the earliest EMG studies of lip muscle activity, very large within-and between-subject variability in the timing and amplitude of EMG activity for speech was noted (e.g., Lubker and Parris, 1970) .
The source and significance of this variability have been the focus of many recent discussions.
Noting that multiple repetitions of the same utterance do not yield stereotypic lip EMG and movement patterns, Abbs and Gracco (1984) An important factor in the interpretation of studies of EMG activity of lip muscles is the complex anatomy of the perioral musculature. The facial muscles lack substantial fascial sheaths, have interdigitating muscle fibers with different spatial orientations, and make attachments by small fascicles to soft tissue (Blair, 1986) . Recognition of this complexity led to a number of attempts to precisely specify types of electrodes, electrode placements, and sets of "calibration gestures" that would optimize selective recording of individual perioral muscles (Cole el al., 1983; Kennedy and Abbs, 1979; O'Dwyer et al., 1981) . However, on the basis of a review of the anatomical and physiological data on the muscles of the perioral region, Blair and Smith (1986) concluded that throughout the perioral region, the probability of recording from a single muscle is extremely low. Data from studies in which fine wire intramuscular electrodes were used to record the activity of single motor units in the lip suggest that, even with a very restricted field, including the activity of a few single motor units, isolation of the activity of a single, homogeneous population of motor units is not guaranteed (Smith et al., 1981; McClean and Smith, 1982) .
In conclusion, although it is very easy to record the electrical activity of muscles of the upper and lower lip, it has proven to be a difficult task to describe patterns of activity of individual labial muscles in relation to speech movements. The experimental results to date do allow limited conclusions, such as the following: an electrode placed on or in the area associated with the fibers of orbicularis oris inferior will show activation for lip protrusion. This electrode site may also yield activity during lip-lowering gestures. It is not clear whether these are orbicularis oris motor units active for lip lowering, whether this signal arises from a distinct population of motor units with short, vertically directed fibers in the same region, from fibers of platysma that often course through this region, or from some combination of these muscles.
The Tongue
The neural control of tongue movement is a significant aspect of many motor behaviors, including swallowing, mastication, and speech (for a comprehensive review of lingual movement control in a range of behaviors see Lowe, 1981) . For speech, the tongue is often considered to be the primary articulator, because the position and shape of the tongue have a large effect on the overall shape of the vocal tract and thus on the nature of the acoustic signal produced. Although control of lingual movement is an essential aspect of the speech production process, our knowledge of the kinematic and electromyographic characteristics of the tongue in speech is extremely limited. The relative inaccessibility of the tongue is one reason for the paucity of information. Another reason for our limited knowledge is that, even with appropriate methods of observation available, description of tongue motion is a difficult experimental problem. Kent summarized the difficulties as follows, "In short, the study of lingual articulation has as its object an elastic body that is virtually devoid of stable landmarks and is supported by nonstationary skeletal structures" (1972) .
The remarkable capacity of the tongue to execute complex patterns of movement is shared by other structures that lack skeletons, such as trunks and tentacles. On the basis of comparative studies of the biomechanical properties of such structures, Smith and Kier (1989) have proposed that these organs be called muscular hydrostats. This term is appropriate because these organs are composed almost entirely of muscle that, in turn, is composed primarily of an incompressible liquid. Smith and Kier note that the most important biomechanical feature of a muscular hydrostat is that it has a constant volume. Thus, a decrease in one dimension will be accompanied by an increase in at least one other dimension.
The analysis of the tongue as a muscular hydrostat leads to some useful insights concerning the location and spatial orientation of lingual muscle fibers. Anatomical studies of human and other mammalian tongues (e.g., Doran and Baggett, 1972; Miyawaki, 1974) reveal that the core is composed of horizontal and vertical fibers arranged in alternating sheets (transverse and vertical muscles), while fibers parallel to the long axis are located peripherally (superior and inferior longitudinal muscles). For a muscular hydrostat, such an arrangement allows maximum versatility of movement (Smith and Kier, 1989) . Separate neural control of the vertical and horizontal fibers can produce gestures such as tongue flattening and rolling, while the location of the longitudinal fibers at the periphery provides these muscles with excellent leverage for bending the tongue.
The most comprehensive data on tongue motion in speech have been collected with standard cineradiographic techniques. To tackle the problem of the lack of landmarks, investigators attached radiopaque markers or pellets to as many as four fleshpoints on the surface of the tongue. Figure 4 illustrates the steady-state location of pellets for the production of two vowels by one speaker. The large range of possible tongue movements is suggested by the distinctive configurations of the tongue for these two vowels.
Movements of the pellets tracked over time can be used to produce plots such as that shown in Figure 5 for the utterance "toying". Such data reveal that the tongue cannot be modeled as a single rigid body that is moved to various positions for the articulation of each sound. As Figure  5 illustrates, different fleshpoints on the tongue surface (tongue pellets 1, 2, and 3) show distinct trajectories. Peak velocities of movement also may vary for different fleshpoints. For example, Kuehn and Moll (1976) tongue dorsum marker. Another point illustrated by the plots in the lower part of Figure 5 is that the distance between fleshpoints does not remain constant during speech. For example, the distance between tongue pellets 2 and 3 (segment B) increases by 10 mm during the utterance. The latter result indicates that the lingual surface undergoes considerable stretch during speech production (Kent, 1972) .
The mandible and the hyoid bone provide support for the tongue, but these structures, like the tongue, are mobile during speech. This fact introduces another variable in the measurement of lingual movements, the choice of a reference system. Fleshpoint movement may be referenced to the maxilla or the mandible, and as Figure 6 shows, the two reference systems produce different movement trajectories for each pellet. The mandibular reference system provides an analysis of lingual movement independent of jaw movement and demonstrates that the jaw-dependent
Maxillary reference TP3 component of tongue movement in speech can be substantial. In many cases, lingual movement data are reported with both maxillary and mandibular reference systems (e.g., Kuehn and Moll, 1976) . Like kinematic analyses of lip and jaw movement, analyses of lingual movements in speech production reveal large variability between subjects in displacement and velocity. In addition, pattems of movement are not invariant within individuals for particular speech sounds; rather displacement and velocity of lingual movements are influenced by variables such as the nature of the surrounding phonemes, the rate of speech, and linguistic stress (Kent and Moll, 1972; Kent and Netsell, 1971; MacNeilage and DeClerk, 1969; Perkell and Nelson, 1985) .
In , 1967; Proffitt et al., 1964) . These studies were motivated by interest in the relation of tongue pressures to clinical problems in orthodontics. Mean lingual pressures were found to be highest for the consonant "n" (37.3 gm/cm2) and lowest for "s" (4.6 gm/cm2), while mean pressures for swallowing (40.8 gm/cm2) were approximately equivalent to the highest pressures observed in speech production.
Recording the activity of tongue muscles during speech is difficult, because wires passing from the mouth interfere with speech production and are easily dislodged during speech. Another difficulty is that the intrinsic muscles of the tongue, like those of the perioral system, interdigitate in complex ways, so that isolation of activity of individual muscles is not possible. There have been a few studies of lingual muscle activity during speech. Most of these investigations have studied very few subjects (often only one or two) and have been motivated by the search for electromyographic correlates of linguistic units.
MacNeilage and Sholes (1964) and MacNeilage and DeClerk (1969) obtained EMG and cineradiographic data for one speaker producing a large inventory of single-syllable utterances. The stated goal of the earlier study was to find which muscles were responsible for the production of vowels in English. This study produced the observation that, rather than being ballistic in nature, tongue muscle activity reveals "a complex pattern of finely graded changes in activity as a function of time . . . ". MacNeilage and DeClerk (1969) were primarily concerned with phoneme-based models of speech production, thus they examined the EMG and kinematic data for the influence of adjacent sounds on one another. They found that the lingual EMG for a particular sound was remarkably influenced by later and earlier sounds. Thus they argued for a syllablebased model of speech production.
In a more recent study of lingual EMG, these classic themes in speech production research reemerge. Mowrey and Mackay (1990) recorded EMG fiom intrinsic tongue muscles during speech errors experimentally induced by having two subjects rapidly repeat tongue twisters such as "fresh fried flesh of fowl". It was found that tongue EMG activity (from the verticalis and transverse region) in error-free productions of this utterance was highly stereotypic, with two major bursts, one for each "1". As expected, common errors were utterances such as "flesh flied flesh of fowl". The major finding reported by the authors was that, even when there was no perceptible sound error, some "erroneous" (presumably "1"-related) tongue muscle activity could be observed during these words. For example, even when the word "fresh" was produced correctly, some activity in the verticalis/transverse region, which would normally be expected only for "1", could be detected. The authors concluded that, at the muscle level, "errors" could be graded, rather than the transposition of entire phonemes. Mowrey and MacKay interpreted their results as evidence against production models in which phonemes are preselected and serially ordered before commands are issued as completely specified sets of instructions to muscles.
The presently available EMG and kinematic data provide a limited basis to describe tongue muscle activity and movement patterns for speech production. Progress in this area will depend on the use of new technologies for tracking movement and the simultaneous recording of EMG from intrinsic and extrinsic muscles of the tongue. In addition, it seems that future investigations will benefit from the muscular hydrostat model of Smith and Kier (1989) . An important feature of their model is that it hypothesizes a constant interaction of all tongue muscles in all movements. This is in contrast to the earlier view that the extrinsic muscles serve to move the tongue as a whole, while the intrinsic muscles fix the shape. Smith and Kier state, "Thus tongue movements involve extensive interaction between the instrinsic and extrinsic muscles, and the musculature of the tongue is seen as a whole: all muscle groups are important in all types of movements". Such a view would suggest that attempts to detenmine which muscles produce which sounds are unlikely to be successful, and that a more promising avenue of research may be to determine the nature of the dynamic, synergistic relations of tongue muscles in producing the complex movement patterns necessary for speech.
C. Interarticulator Relationships
Having reviewed the muscle and movement patterns of the jaw, lips, and tongue separately, it is important to emphasize that the essence of the control problem for speech production lies in coordination of movements of these structures. Speech production consists of temporally overlapping movements of the various articulators, rather than serial execution of independent movements of each structure. This is clearly illustrated in the cineradiographic study of Kent and Moll (1975) . They examined movements of the tongue and lips in production of consonant sequences such as "spr", and found that articulatory submovements (e.g., lingual constriction for "s" and bilabial closure for "p") were concurrent. The existence of synchronous adjustments in the production of potentially independent articulatory sequences was interpreted as evidence against the hypothesis that feedback from one movement is required to trigger execution of the next articulatory gesture in a sequence.
In addition to the simultaneous control of the various structures, the generation of speech movements is characterized by considerable flexibility in output. For example, changes in the rate of speech production may have dramatic effects on kinematic parameters. For jaw, lips, and tongue, velocities of speech movements have a large range and may be as high as 200 to 250 mm/s (e.g., Kuehn and Moll, 1976) . Peak velocity of articulatory movements is highly correlated with displacement (e.g., Kent and Moll, 1972; Kuehn and Moll, 1976; Sussman et al., 1973) . Interestingly, an increased rate of speech production does not necessarily lead to increased velocity of articulator movement (Kuehn and Moll, 1976) . Rather, increased rate is consistently accomplished by decreased duration of articulator movements. To maintain the requirement for reduced movement duration, speakers may adopt various "trading" relationships between displacement and velocity. For faster speech rates, some speakers actually reduce velocity and displacement of articulatory movements.
In summary, what emerges from the electromyographic and kinematic data is a picture of simultaneous, graded control of all of the structures of the vocal tract (Gracco, 1990 
Ill. ROLE OF SENSORY INFORMATION
A. Afferent Signals Generated by Speaking
To determine the possible roles of afferent information in the control of movements of the anterior vocal tract, it is first necessary to specify which primary afferents would be activated and what their patterns of discharge would be during speech. There are only limited, preliminary data describing the discharge of primary afferents recorded in human subjects during speech (Johansson et al., 1988) . Thus, information relevant to this topic must be gleaned from anatomical data indicating the presence or absence of specific receptors in humans and from physiological data describing the discharge characteristics of primary afferents in experimental animals during behaviors other than speech.
EpIthellal Mechanoreceptor Afferents
The activity of primary afferents from perioral (hair and skin) and intraoral mucosal receptors has been recorded in anesthetized rabbits during passive movement of the jaw and mastication elicited by cortical stimulation (Appenteng et al., 1982a (Appenteng et al., , 1982b . Hair receptors were found to be continuously active during movement of the jaw, and they provide a signal related to the velocity of opening and closing movements. In contrast, perioral skin and intraoral mucosal receptors (with receptive fields at many different sites in the mouth, including the tongue and buccal mucosa) were generally silent, except when their receptive fields were contacted. Lund et al. (1982) used these data as a basis to speculate on the pattems of sensory inputs generated during speech and suggested that no signals would be sent from the surface of the lower lip or tongue until they contacted another surface. Continuous, movement-related signals, however, would be generated by receptors in the hairy skin of the lips. Johansson et al. (1988) reported preliminary results on the discharge of mechanoreceptive afferents recorded from the infraorbital nerve in human subjects during speech and mastication. Multiunit activity was recorded from fascicles having receptive fields on the comer of the mouth, the lateral part of the lip, and the intraoral mucosa. Sample records indicate that slowly adapting units with intraoral receptive fields fire during bilabial opening and closing movements as well as upon bilabial contact, for example, for "p". In addition, when the subject licked the intraoral mucosa within the receptive fields of the units, the units showed large bursts of activity with each passage of the tongue across the field.
Taken together, these data suggest that epithelial mechanoreceptor afferents provide signals related to oral closing and opening movements during speech. The precise relationship of these signals to parameters of movement is not known, although the data of Appenteng et al. (1982a) suggest that the firing frequency of the hair afferents is linearly related to velocity of movement. Finally, the data from rabbits and human subjects suggest that large, synchronous bursts of epithelial mechanoreceptive activity signal contacts of oral structures during speech.
Muscle Spindles
Intrinsic and extrinsic muscles of the human tongue and the closing muscles of the jaw are richly supplied with muscle spindles (Cooper, 1953; Kubota and Masegi, 1977) . The lip muscles, in contrast, are devoid of spindles (Kadanoff, 1956 ).
The activity of jaw muscle spindle afferents of experimental animals has been described during mastication, lapping, isometric biting, and voluntarily controlled tracking movements (see Rossignol et al. [1988] for a review). Of these tasks, perhaps the most relevant to the study of speech production is the jaw position-tracking task performed by rhesus macaques (Larson et al., 1983) . Larson et al. identified two types of afferents on the basis of distinctive discharge patterns. One type, probably secondary endings of muscle spindles, exhibited a firing rate during periods of static jaw position and during slow, ramp jaw movement that was linearly related to jaw position. These "position-sensitive" neurons fired at higher rates during opening movements compared with closing movements, and displayed some (nonlinear) velocity sensitivity. During more rapid movements, these afferents typically were silent during upward movements and fired at maximal rates during opening movements. A second type, probably primary endings of muscle spindles, fired at high rates during all opening movements and either ceased firing or fired at low, sporadic rates during closing movements. The position sensitivity of these neurons was weak and variable, and their velocity sensitivity was nonlinear. The firing rate was maximal (200 spikes/s or higher) for most opening movements and zero for most closing movements.
These findings are generally compatible with results of investigations of jaw muscle spindle activity in other behaviors, such as mastication (Rossignol et al., 1988) . The data suggest that in speech, jaw-closing muscle spindle afferents would be activated during both opening and closing movements, in a manner that is dependent on the velocity of movement. For slower movements and static positions (for example, during the steady state of a vowel), the secondary-type endings could provide continuous information about the position of the mandible and some information about the velocity of movement. The primary endings, on the other hand, would provide what Larson et al. characterize as basically an "on/off" signal, which could define the time of onset and offset of rapid jaw movements with great precision.
Analogous data delineating the discharge characteristics of lingual muscle spindles during tongue movements of experimental animals is not available. Bowman and Combs (1968) recorded the discharge of lingual spindle afferents to large stretches applied to the tongue in anesthetized rhesus monkeys. In primates, lingual spindles are found in various intrinsic muscles, including longitudinal, transverse, and vertical muscles (Bowman, 1968; Cooper, 1953) ; thus, the tongue has spindles oriented in three dimensions. Bowman and Combs (1968) found that hypoglossal units had differential sensitivity to different directions of stretching. It appears that lingual muscle spindles could provide information important to code tongue position in three dimensions, and as Bowman (1971) speculated, this afferent information could be significant for the production of speech.
Other Receptors
There are other low-threshold mechanoreceptors that could provide sensory information during speech. In addition to muscle spindles, Fitzgerald and Sachithanandan (1979) described a variety of mechanoreceptors in the monkey tongue, including atypical tendon endings in the median septum. Sensory innervation of the jaws includes tendon organs, temporomandibular joint afferents, and periodontal afferents (see reviews by Lund, 1991; Luschei and Goldberg, 1981 by Sachs et al., 1988) . Thus, the auditory signal contains information about the filter properties of the vocal tract. This information is, in turn, related to the movements of the articulators. Auditory information may be relevant to generating appropriate articulator movements and steady-state positions. In particular, it has been hypothesized that audition is important for the control of lingual movements in speech (e.g., Tye et al., 1982) .
B. Reflexes Possibly Involved in Speech
Afferent signals from epithelial mechanoreceptors, muscle spindles, other low-threshold mechanoreceptors, and auditory hair cells are capable of modulating the output of motoneuron pools innervating muscles of orofacial structures via reflex pathways. In recent years, there have been many investigations of orofacial reflex pathways in human subjects under controlled, nonspeech conditions, and there has been considerable speculation about the potential significance of these pathways for speech production. The studies relevant to the present review are those in which low levels of innocuous stimulation were studied in human subjects.
Reflex Modulation of Jaw Muscle Activity
During isometric contraction, human jawclosing muscles are subject to modulatory effects from jaw muscle spindle afferents, epithelial afferents in the lips and tongue, afferents from tooth and periodontal mechanoreceptors, and auditory afferent pathways (e.g., Cooker et al., 1980; Neilson et al., 1979; Smith and Luschei, 1983; Smith et al., 1985 ; also reviewed by Lund et al., 1983) . The jaw-stretch reflex in human subjects has particularly powerful, short-latency (approximately 8 msec), excitatory effects on jaw-closing muscles (e.g., Cooker et al., 1980; Lamarre and Lund, 1975) . In a quantitative analysis of the response of the jaw-closing system to sinusoidal oscillations of the mandible, Cooker et al. (1980) found that the reflex has enough gain to oppose small, potentially destabilizing displacements of the mandible. They suggested that the human jaw-stretch reflex may be important in maintaining the stability of the mandible during conditions in which external perturbations might otherwise cause damage to oral structures, for example, during locomotion.
The amplitude of reflex modulation of the jaw-closing system with low levels of intraoral and perioral mechanical stimulation is highly variable between subjects Smith et al., 1985) . In contrast, the sign of the response with various sites of stimulation is consistent across subjects. Smith et al. (1985) reported that reflex effects of innocuous stimulation applied to eight intraoral sites demonstrated a high degree of spatial organization. Stimulation of sites on the tongue produced predominantly excitatory responses in jaw-closing muscles and increases in jaw-closing force, while stimulation of the palate typically produced suppressions of jaw-closing muscle EMG and drops in force. With most stimulation sites, latencies of EMG responses were in the range of 10 to 20 ms.
Jaw-closing muscle activity can be suppressed at short (approximately 14 ms) latency by auditory stimulation (Meier-Ewert et al., 1974; Smith and Luschei, 1983) . Stimuli have been relatively loud noises (70 dB SL, Smith and Luschei; 85 to 100 dB, Meier-Ewert et al.), and pilot experiments (Smith and Luschei, unpublished data) indicate that for most subjects, lower levels of auditory stimulation are not effective in producing reflex responses.
Reflexes in jaw-opening muscles have been investigated in human subjects; however, most of these investigations have involved the use of high levels of mechanical or electrical stimulation to evoke the jaw-opening reflex that is commonly observed in experimental animals (see reviews by Luschei and Goldberg, 1981; Lund et al., 1983) . The jaw-opening muscles lack spindles (Lennartsson, 1979) , and their activity is not modulated by jaw-stretching stimuli that excite jaw-closing spindle afferents (Neilson et al., 1979) .
Reflex Modulation of Lip Muscle Activity
Tonically activated perioral muscles show no evidence of reflex modulation in response to a large, slowly varying stretch stimulus applied either vertically or horizontally to the lips (Neilson et al., 1979) . This finding is consistent with the absence of muscle spindles in the perioral muscles, and also suggests that the other types of low-threshold mechanoreceptors present do not contribute to a "stretch-like" reflex in the lips.
Similarly, tonically activated lip muscles show no response to innocuous stimulation of the tongue dorsum or to an indenting stimulus to masseter that would be expected to excite skin afferents overlying the muscle as well as jaw muscle spindle afferents .
Short-latency (approximately 15 ms), reflex modulation of perioral muscle activity is easily accomplished with a stretch to the corner of the mouth or a tapping or gliding stimulus applied to the glabrous or hairy skin of the lips (Bratzlavsky, 1979; Smith et al., 1985) . It appears that this reflex arises not from afferent discharge modulated at low frequencies, such as that occurring during slow movements, but from large synchronous bursts of afferent activity, such as that associated with the initial contact of receptive fields or rapid movements.
The response of perioral muscles to mechanical stimulation has been referred to as the "perioral reflex"; however, McClean and Smith (1982) demonstrated that this is really a set of reflexes. Single motor units of different, functionally specified types (e.g., lip rounding, lip lowering) displayed different reflex responses to stretch applied to the corner of the mouth; thus, perioral reflex responses appear to be muscle specific. In addition, Smith et al. (1987) , using a small, gliding mechanical stimulus applied to 11 perioral sites, found a consistent spatial organization of responses of upper and lower lip muscles. Stimulation of the upper lip vermilion border produced the largest responses in orbicularis oris inferior and superior, while stimulation of sites on the chin or cheek produced little or no modulation of orbicularis oris EMG.
Reflex Modulation of Tongue Muscle Activity
Responses of lingual muscles of human subjects to intraoral or perioral mechanical stimulation have received less experimental attention. The studies that have been done suggest that the muscles of the human tongue may not be subject to short-latency reflex modulation. Neilson et al. (1979) applied a large, slowly varying stretching stimulus to the tongue and with a careful quantitative analysis, observed no evidence of reflex modulation of sustained EMG activity in genioglossus, geniohyoid, mylohyoid, styloglossus, or intrinsic tongue muscles. Essentially the same stretching stimulus applied to the jaw produced dramatic modulation of jaw-closing muscle activity (Neilson et al., 1979) , presumably via jaw muscle spindle afferents. This result suggests two possibilities concerning the reflex connections of lingual muscle spindles. One possibility is that lingual muscle spindles do in fact have reflex connections with hypoglossal motoneurons, but that reflexes were not observed with the type of stimulus applied by Neilson et al. Due to the three-dimensional arrangement of the spindles in the intrinsic lingual muscles, pulling on the tongue could unload some spindles while stretching others. Thus, the net change in excitability to the motoneurons produced by the stimulus might be negligible, and no reflex modulation at the stretching frequency would be apparent.
A second possibility is that afferent fibers from lingual muscle spindles do not make reflex connections with hypoglossal motoneurons. This unusual absence of stretch reflex connections would underscore the unusual properties of the tongue as a motor effector and lead to the conclusion that the functional significance of lingual spindle afferent information lies in its integration at higher levels of the CNS (Neilson et al., 1979) . Weber and Smith (1987) stimulated the tongue dorsum and lower lip vermilion border with a gliding, mechanical stimulus and looked for reflex responses on a background of sustained genioglossus activity. Stimulation of the tongue dorsum produced relatively long-latency (31 ms), excitatory responses in 6 subjects, long-latency (43 ms) suppressions of activity in 3 subjects, and no response in 1 subject. Stimulation of the lower lip vermillion border produced no response in genioglossus in the majority of subjects. These investigators also observed that stimulation of masseter muscle spindle afferents produced no response in genioglossus activity.
Summary
There appear to be substantial differences between the muscles of the jaw, lips, and tongue in characteristics of reflex organization that might be relevant to speech. During nonspeech, isometric tasks, in which muscles are tonically activated, jaw muscle activity is subject to pronounced modulation by afferent signals arising from a variety of sources. Activity of lip muscles is not modulated either by low levels of intraoral stimulation or by activity in jaw muscle spindle afferents , but innocuous mechanical stimuli applied directly to the lips do produce large reflex responses. Reflex responses of tongue muscles to tactile stimulation have been studied less often, but the available data suggest that the muscles of the tongue show no spindle-mediated stretch reflexes and only small, relatively long-latency responses to stimulation of lingual epithelial mechanoreceptors.
With respect to speech production, it is possible that many different reflex pathways are involved in the modulation of jaw muscle activity. For example, during jaw-opening movements, muscle spindle afferents may provide reflex excitation ofjaw-closing muscles. This is consistent with the observation that jaw-closing and -opening muscles are coactivated during speech (Moore et al., 1988) . Contacts between the tongue and palate also could modulate jaw-closing muscle activity. The activity of lip muscles might be reflexively modulated during contacts between the two lips or contact of the teeth and lips, for example, in "b" or "f". Investigations of reflex control of tongue muscle activity do not encourage speculation about the role of brainstem-mediated reflexes in modulation of hypoglossal motoneuron excitability during speech. Of course, these are only putative effects of reflex pathways inferred from tests under nonspeech conditions. Reflex pathways are under suprasegmental control, and it is possible that the effects of reflex pathways are effectively "gated out" during speech (Lund et al., 1982) . Evidence related to this and other hypotheses about the use of afferent information in speech production will be considered in the next section.
C. Evidence Concerning the Contribution of Sensory Information to Speech
The classic approach to investigation of the role of sensory information in generating movement, removal or perturbation of afferent signals, and observation of the effects on motor output, has been repeatedly employed in speech production research. The most often studied afferent pathway is the auditory pathway, with disruption produced either by introduction of a masking noise or by delayed feedback of the speaker's voice. Effects of changes in oral mechanoreceptive information also have been studied by application of local anesthetics and the introduction of static (e.g., bite-block) or transient mechanical stimuli.
Oral Aneathetization
From 1960 to 1975, numerous investigators studied the effects on speech production of injections of Xylocaine that blocked conduction in various branches of the maxillary and mandibular divisions of the trigeminal nerve (see Ringel, 1970; Abbs et al., 1976 for reviews). In general, the results of these studies were consistent in demonstrating that, with oral-sensory deprivation, speech remains highly intelligible (Ringel, 1970) . Despite the high intelligibility, speech sound errors, usually distortions, were consistently observed to increase following anesthetization. The results of these studies were interpreted to support the existence of open-loop commands that specified the major characteristics of anterior vocal tract movements, while closed-loop, feedback mechanisms refined the centrally generated command signals (Ringel, 1970) .
Some investigations included assessment of nerve block effects on EMG activity and movements of anterior vocal tract structures. Borden et al. (1973) noted substantial reductions in muscle activity during speech post-anesthesia. Following up on this result, Abbs et al. (1976) assessed the effects of bilateral infraorbital nerve block on displacement and velocity of upper lip movements in speech and nonspeech tasks, on generation of force by the upper lip, and on the EMG recorded from the orbicularis oris superior. They found that all kinematic, force, and EMG measures were reduced post-anesthesia. Abbs et al. argued that the reduction in motor output arises, not from trigeminal sensory deprivation, but from anesthetization of some of the motor supply to facial muscles. They cited evidence that trigeminal "sensory" nerve branches can contain facial motor fibers.
Regardless of the precise mechanism underlying facial motor weakness following trigeminal nerve block, the presence of gross reduction in motor output for speech and nonspeech tasks makes the interpretation of the nerve block results problematic. It cannot be determined whether changes in motor performance following nerve block result from reduced afferent information, some degree of paralysis of motor units (either by direct infiltration of the muscle or by anesthetization of motor nerve fibers found in close proximity to sensory nerve branches), or from a combination of these factors. For these reasons, application of nerve block techniques to speech research has been largely abandoned in recent years. What can be concluded, however, from the existing nerve block data, is that it is possible to produce highly intelligible speech with temporary, severe degradation of sensorimotor capacities of the tongue and lips.
Bite Block Speech
Speaking with a pipe clenched between one's teeth provides ample evidence that intelligible speech may be produced without movements of the mandible. Experimenters have explored this phenomenon in detail, and some important theoretical inferences have been drawn by careful assessment of speech produced with the mandible fixed.
In an acoustic analysis of bite block speech, Lindblom et al. (1979) measured spectral characteristics of Swedish vowels produced with a large inter-incisal distance (approximately 22.5 mm). To rule out the possibility of on-line ad-justments based on auditory feedback after the subject started voicing, spectra of the vowels were computed from the first cycle of vocal fold vibration. The results indicated that, despite the unnatural jaw openings, all subjects were able to produce spectral patterns that fell within the range of normal variation for these vowels. It should be noted that in order to produce a vowel such as "oo" with normal spectral characteristics with the bite block, a speaker must produce a tongue position that deviates substantially from that used in normal production without a bite block.
These results lead to the conclusion that a novel tongue position appropriate for the auditory requirements of the intended utterance can be planned and executed by the speech motor system without auditory feedback. An error is not produced, then adjusted; rather the current status of the system is taken into account in generating the appropriate drive to the tongue, lip, and jaw muscles. It could be hypothesized that jaw muscle spindle afferents would provide a good representation of the static, open position of the mandible, and this signal would be useful in computing the amount of "extra" tongue elevation that will be needed with the bite block. Lindblom et al. (1979) emphasized the role of auditory targets and suggested that higher-level motor centers for speech production utilize predictive, simulation strategies for planning. Such a system could simulate auditory afferent signals representing potential errors and adjust the output before the error occurs. Folkins and Zimmermann (1981) 
Perturbations of Auditory Information
Speaking in the presence of a masking noise produces consistent changes in measures of voice performance, for example, increased vocal intensity and frequency of vocal fold vibration, but speech sound errors do not increase (Ringel and Steer, 1963) . Delaying feedback of speech produces more deleterious effects on speech than masking. Delay of feedback results in a slowed rate of speech and an increase in speech errors (Fairbanks, 1955) . Susceptibility to speech breakdown under delayed auditory feedback is remarkably variable between individuals. Some speakers produce severely distorted output, while others show little effect of the delay. It has been repeatedly demonstrated that the effects of delayed auditory feedback on speech do not increase monotonically as the delay increases; rather speech is most disrupted at a delay of about 200 ms (e.g., Howell and Archer 1984) .
Most studies of delayed auditory feedback have generally employed measures of the speech acoustic wave and judgments of speech sound errors to assess the effects of the perturbation. Little physiological data are available to specify the changes in anterior vocal tract motor output underpinning the speech sound errors produced with the delay. One preliminary study of two speakers in which activity of tongue and lip muscles was recorded suggests a disintegration of the normal timing of muscle activity when auditory feedback is delayed (Borden et al., 1977) .
The traditional interpretation of the delayed auditory feedback results was that speakers normally use auditory feedback to monitor production, and perturbation of this closed loop mechanism naturally produces speech errors (Fairbanks, 1955) . The fact that disruptive effects were maximal at a 200-ms delay was explained as follows. When the delay corresponded to the length of the speech-planning unit, which was assumed to be the syllable with an average duration of about 200 ms, the maximal disruption is predicted. When checking for correct articulation, the speaker hears an incorrect signal, thus an inappropriate adjustment of vocal tract movements is implemented, and speech sound errors result.
This "classical" interpretation of delayed auditory feedback effects has been questioned on the basis of a number of recent experimental results. Howell and Archer (1984) demonstrated that the effects of delayed auditory feedback on speech depend on the level of the signal; the louder the feedback the more deleterious its effects. This helps to explain the variability between speakers in susceptibility to breakdown under delayed auditory feedback. Speakers choose various strategies in their attempts "to beat" the disruptive feedback. Those who choose to speak more loudly under the delay condition will be more disrupted. Howell and Archer also found that, if a nonspeech signal at the same level as the speech is substituted for the delayed speech sound, the same effects on speech output are observed. Howell and Archer suggest that effects of delayed auditory feedback are not evidence of the unique importance of auditory information in the control of speech movements. Rather, they suggest, the effects of delayed auditory feedback on speech are simply another example of deterioration in the performance of any serially organized motor behavior when a competing, rhythmic, out-of-synchrony event is co-occuring.
Perhaps the most compelling evidence for the importance of auditory feedback for the development and maintenance of normal speech motor organization comes from observations of the speech of hearing-impaired individuals. Those who are impaired from birth typically do not acquire normal speech, and individuals who lose their hearing later in life, after language acquisition, experience decrements in speech production capabilities (Osberger and McGarr, 1982) . Ringel and Steer's (1963) investigation of the effects of sensory deprivation on speech included conditions in which nerve block, topical anesthetization of the oral cavity, and binaural masking noise were administered separately and in combination. Articulation error scores were not statistically different for the control, topical anesthesia, noise, and combined noise and topical anesthesia conditions. Compared to the latter conditions, error scores were significantly larger for the nerve block and nerve block plus noise conditions. The combination of nerve block and noise produced almost identical speech error scores as the nerve block alone condition, suggesting that the nerve block (bilateral mandibular and infraorbital blocks) affected articulation more severely than any of the other perturbations. Kelso and Tuller (1983) examined the combined effects on speech of simultaneous topical anesthesia of the oral cavity, bite block, masking noise, and ariculotemporal nerve block (TMJ block). To assess the effects of the perturbations applied singly and in combination, the spectral properties of vowels were analyzed. Like Lindblom et al. (1979) , Kelso and Tuller made measurements of the flrst glottal pulse, to exclude the possibility of adjustments made after an error was detected. In general, no differences were observed in the formant frequencies of vowels produced under control and any of the perturbation conditions. Kelso and Tuller interpreted their result to support the dynamic pattern perspective. The reduction in sensory information does not affect the speaker's ability to achieve an acoustic target, because that ability arises from the operation of coordinative structures, preexisting muscle synergies that do not require online sensory information to regulate their behavior.
Simultaneous Multimodal Perturbations
The results of these studies of multimodal perturbations suggest that the speech motor system is capable of remarkable performance when sensory information is reduced. It is, however, difficult to interpret these results as offering clear support for any particular model of movement control, because, though sensory information is reduced, it is not absent. For example, even with the combination of perturbations in Kelso and Tuller's (1983) experiment, jaw muscle spindle, lingual muscle spindle, and other deep mechanoreceptor afferents could still provide detailed information about the position of the mandible and tongue.
Transient Mechanical Perturbations
The application of transient mechanical stimuli to anterior vocal tract structures while subjects 253 are speaking is technically difficult, and there have been relatively few investigations in which the effects of this type of perturbation have been studied. Loads that disrupt ongoing speech movements have been applied to the mandible (Folkins and Abbs, 1975; Kelso et al., 1984; Shaiman, 1989) and lower lip (Abbs and Gracco, 1984; Gracco and Abbs, 1985) . Folkins and Abbs (1975) reported that halting the upward movement of the jaw during closing movements for "p" resulted in compensatory movements of the upper and lower lips, so that bilabial closure for a perceptually normal "p" was attained. The kinematic data provided the only evidence for compensation, as EMG data from lip and jaw muscles was "a rather insensitive index of compensatory behavior". The only consistent change in EMG in the loaded condition vs. the control condition was an increase in jawclosing muscle activity for one subject. No quantitative analyses of EMG activity were reported. Kelso et al. (1984) analyzed kinematic and electromyographic data in response to jaw loading in three single-subject experiments. They found that, if the subject planned to say a sound that involved tongue movement, adjustments to jaw loading were seen primarily in the tongue EMG, but if the intended sound involved bilabial closure, responses to perturbation were seen primarily in lip muscles. They interpreted these results under the dynamic pattern perspective as evidence of the operation of task-specific coordinative structures. Shaiman (1989) studied a larger number of subjects (six) and recorded EMG of tongue, lip, and jaw muscles and movements of the lips and jaw while transient loads were applied to the mandible. EMGs were analyzed by computing the integral over a 100-ms interval following the load. Like Kelso et al., Shaiman concluded that her findings supported the presence of differential, task-specific responses that were related to the nature of the intended utterance. This conclusion is surprising, in view of the overall variability in kinematic and EMG changes observed following perturbation. In fact, the only consistent response to perturbation was an increase in the activity of the medial pterygoid muscle in the loaded, compared to the control, trials. This increase was present in all subjects, regardless of the nature of the intended utterance. Abbs and Gracco (1984; also Gracco and Abbs, 1985) applied loads to the lower lip during the course of bilabial closing movements. They observed compensatory adjustments in the upper lip movement. Changes in EMGs of upper lip and lower lip muscles were documented by comparing single, loaded trials to the average of the control, unloaded trials. They found that all synergistic muscles for bilabial closing increased their activity in the loaded trials and that the latencies of the increases had a range of 22 to 75 ms. Abbs and Gracco attempted to rule out closed-loop feedback mechanisms to account for their results, and supported the interpretation that the upper lip responses to perturbation arise from "feedforward, nonautogenic" mechanisms. As they noted, this argument involves the assumption that the upper lip and lower lip are independent. They attempted to make a strong case for this independence, for example, by citing the fact that the two lips can show distinct movement patterns in speech (e.g., Figure 3 ). However, there are a number of observations that suggest that the upper and lower lips cannot be regarded as entirely independent, from a biomechanical or from a neurophysiological standpoint: (1) the lips are mechanically coupled; (2) a mechanical stimulus applied to the upper or lower lip produces reflex responses in muscles of both lips ; and (3) subjects given EMG feedback cannot activate orbicularis oris superior without concomitant activation of orbicularis oris inferior (Folkins et al., 1988; Smith, unpublished observations) . Similarly, investigators who have loaded the jaw assume that responses of the lower lip and tongue are nonautogenic (e.g., Shaiman, 1989 ), yet a downward load to the jaw could be expected to have direct mechanical effects on the lower lip and tongue.
Studies of responses to mechanical perturbations applied during speech uniformly suggest that speech motor control processes are highly adaptable in the face of unanticipated loads that have the potential to disrupt speech output. While this is a useful observation, the available results are inadequate to specify the pathways likely to be involved in producing these responses. The authors of these studies strongly reject the notion that brainstem-mediated reflex pathways play any role in generating these responses. They prefer to interpret the responses as evidence of "trans-cortical sensorimotor actions" (Abbs and Gracco, 1984) or dynamic coordinative structures . While it seems likely that higherlevel processes are involved in mediating these responses, reflexes could also play a role. The available experiments do not include control conditions or data analyses that could easily confirm assertions that reflex responses are not present following application of these loads.
For example, the transient load to the jaw studied by Shaiman would be expected to produce a vigorous stretch reflex in the jaw-closing muscles. If a jaw stretch reflex response to this stimulus was present under static conditions and absent during speech, this would be a significant demonstration of reflex gain adjustment. Shaiman stated that reflexes were not involved in the responses she observed, despite the finding of a consistent increase in medial pterygoid activity following perturbation. No analysis of the latency of this response was provided. Abbs and Gracco (1984) argued that the stimulus they used to load the lower lip did not produce reflex responses and that latencies of responses were, in any case, too long to be accounted for by perioral reflex pathways. They did not include a control condition that could demonstrate the (presumed absence of) reflex effects of the stimulus against a steady-state, tonic activation of perioral muscles. In addition, shortlatency changes in EMG are usually assessed by examining averages of post-stimulus activity; yet Abbs and Gracco presented no average data. In the only study in which averaged responses of perioral muscles to a mechanical stimulus applied to the lips during speech were computed, short latency excitations consistent with perioral reflex response characteristics were observed (Smith et al., 1985) . The stimulus used by Smith et al., (1985) , however, did not disturb the movement of the lip, so that compensatory adjustments were not required to prevent speech errors.
Investigators interested in speech motor organization have borrowed the technique of transient mechanical perturbation from the general motor control literature. By observing responses to transient perturbation, investigators studying mastication, locomotion, and other motor behaviors have made considerable progress in understanding the interactions of central and peripheral mechanisms in the control of movement (e.g., Rossignol el al., 1988) . Further progress using these methods in the study of speech will depend on future studies that develop specific hypotheses about the neural mechanisms underlying responses to perturbation and that use appropriate experimental manipulations to test these hypotheses.
6. Could Speech be Entirely under Open-Loop Control?
Following a review of the varied evidence for the participation of sensory mechanisms in the generation of speech movements, it seems reasonable to consider the possibility that speech is essentially produced by open-loop control processes. As Kent and Adams (1989) have noted, speech is produced in an internal environment, without the requirement to interface with the external world. Unlike the masticatory or locomotor control systems, the speech control systems do not have to adapt to perturbations such as breaking of brittle food or dips in the terrain. Extending this line of thought, it could be suggested that perturbation experiments lack ecological validity. Discovering the degree of adaptability in the face of experimentally induced perturbation would only demonstrate that sensory information can be used in unusual circumstances by control systems that normally operate in an open-loop fashion. Indeed, the high degree of speech intelligibility that remains under conditions of sensory deprivation might be interpreted to suggest that in the mature individual, speech control systems operate primarily in an open-loop fashion.
MacNeilage (1970) argued against the view that speech is produced by centrally generated commands with little or no reliance on sensory inputs. His argument is as follows: because of the context sensitivity of the motor output necessary for the production of an individual sound, the nervous system would have to store a separate central command or program for all possible combinations of phonemes. The motor command for the syllable "pa" following "ee" would have to be different from the motor command for "pa" following "a". An extremely large number of commands would have to be stored in the brain. This, in MacNeilage's view, is simply not effi-cient, nor is it consistent with the principles underlying motor control in general. Lindblom et al. (1979) revisited this argument and suggested that responses to perturbations are an exploration of the natural, afferentbased flexibility of the speech production system. In other words, they suggest that, although speech production takes place in an internal, "known" environment, the changing contexts for the production of speech sound segments present a changing environment into which articulatory movements must be integrated. In short, changing segmental (speech sound) and suprasegmental (stress, loudness, pitch) contexts are the natural, constantly occurring, environmental alterations encountered by speech motor systems. Under this view, perturbation experiments have the potential to provide significant information concerning how and when speech motor control processes use afferent information to generate movements.
In conclusion, although there have been a large number of investigations using various perturbation paradigms in speech, the question of how and when sensory information is used in speech production is unanswered. The bite block experiments suggest that some predictive control processes are operating. Orofacial mechanoreceptive information could be important for assessment of the status of the oral motor system at the time of movement initiation, to generate the appropriate command signals for the articulators, and perhaps for on-line adjustments. One hypothesis that seems consistent with the existing data is that on-line, relatively continuous sampling of sensory information is more important in developing speech motor systems, but that the mature speaker normally operates in a predominantly open-loop mode with intermittent checking to confirm that the sensory inflow matches a model that has been built up with experience (e.g., see the adaptive control model of Neilson and Neilson, 1987) . Comparative studies of speech motor organization in children and adults would be necessary to assess this hypothesis.
IV. CENTRAL PATTERNING OF OROFACIAL MOVEMENTS FOR SPEECH
Since Lashley's (1951) influential essay, the idea that stored, central representations of speech elements play an essential role in the generation of speech movements has been widely accepted. Where do centrally generated command signals originate? What do centrally generated signals code? Indirect evidence relevant to these questions comes from neurophysiological studies of nonhuman primates in which CNS activity is assessed during orofacial movements, observations of the deficits in speech production processes that occur in human subjects following damage to the CNS, and observations of peripheral neuromotor events during performance of motor tasks by human subjects.
A. Locus of Control
Sensorimotor Cortex
There are many reasons to speculate that the precentral cortex is an important site in the CNS for the generation of control signals to cranial motor nuclei. The primary motor cortex (MI) is a site of integration of inputs from other cortical areas, subcortical structures, and sensory pathways relevant for speech production (see reviews by Barlow and Farley, 1989; Gracco and Abbs, 1987) . In human and nonhuman primates, anatomical studies indicate the presence of dense projections from MI to hypoglossal and facial motor nuclei, and a more sparse projection to trigeminal motor nuclei (Kuypers, 1958a (Kuypers, , 1958b . A number of studies in nonhuman primates have clarified the input/output relations ofthe face area of MI and have characterized the discharge of single neurons in this area during the performance of voluntarily controlled orofacial movements.
Intracortical microstimulation in the precentral face area of monkeys produces excitatory effects on facial and tongue muscles and associated discrete facial and lingual movements (Huang et al., 1988; McGuinnes et al., 1980) . Latencies of EMG responses range from 10 to 45 ms (Huang et al., 1988) , and although responses are predominantly contralateral, intermingled ipsilateral representations are commonly observed. Stimulation in the precentral face area produces bilateral excitation ofjaw-opening muscles and inhibition of jaw-closing muscles, with latencies in the 7 to 40-ms range (Clark and Luschei, 1974; Hoffman and Luschei, 1980) . Not surprisingly, when mandibular movements are observed in response to precentral stimulation, jaw opening is often observed, while jaw-closing movements rarely occur (Clark and Luschei, 1974; Huang et al., 1988) .
With tests of over 29,000 sites in the primary face area of macaque monkeys, Huang et al. (1988) were able to provide extensive comparative data on the outputs to facial, lingual, and mandibular muscles. Facial muscle responses were most often observed; stimulation at 55% of sites produced facial movements. Tongue movements resulted from 29% of stimulation sites, while jaw movement occurred in response to stimulation of only 16% of the sites. Perhaps the most compelling result of Huang et al. is the documentation of the high degree of overlap in representations of the face, jaw, and tongue in MI. In 53% of electrode penetrations, mixed responses, that is combinations of facial, tongue, and jaw responses, could be observed as loci were tested at different depths. The face area appears to enclose and overlap the tongue and jaw areas. Furthermore, multiple representations of individual muscles were found, with some muscles, for example, orbicularis oris and zygomaticus major, having remarkably extensive representations.
Sensory inputs to the primary motor face area also have been documented. Hoffman and Luschei (1980) found that the discharge of cells activated for a controlled biting task in the monkey was modulated by sinusoidal displacement of the mandible. This suggests that some precentral cells receive inputs from jaw-closing muscle spindle afferents (or perhaps from periodontal receptors). Huang et al. (1989) reported that of 526 MI face neurons recorded, 69% responded to light, tactile stimulation of perioral and intraoral regions. Most of these neurons had small, discrete receptive fields, and fields were found predominately on the lips (upper lip, 45%; lower lip, 25%) and tongue (20%). Most MI neurons received tactile input from the same orofacial area from which movement was elicited by stimulation at that site. Work in progress by Murray and Sessle suggests that jaw MI cells may be activated preferentially by deep inputs, while tongue MI cells are more responsive to stimulation of low-threshold epithelial mechanoreceptors (Sessle, personal communication) .
The activity of cells in the precentral face area has been recorded during performance of voluntarily controlled biting and tongue protrusive tasks (Hoffman and Luschei, 1980; Luschei et al., 1971; Luschei and Goodwin, 1975; Murray et al., in press ). Hoffman and Luschei (1980) found that of 199 neurons studied, 153 consistently increased or decreased their discharge rate when monkeys generated biting force. The rate of discharge of the bite-activated cells was found to be related to the amount of force produced, and as noted above, the fiing rate of these cells was modulated by sinusoidal displacements of the mandible. Interestingly, Luschei et al. (1971) noted that, in the attempt to record cells related to jaw movements, they passed over "hundreds of units" in the face area that were highly modulated during the post-biting-response ingestive movements, but that were not related to the bite task. They also found that very few of the bite task-related cells discharged during chewing. Luschei and Goodwin (1975) demonstrated that symmetrical bilateral lesions of the precentral face area produced effects on the ability of monkeys to produce a reaction-time bite response. Post-lesion, the monkeys could produce closing force with the jaws, but they had difficulty in controlling and maintaining a steady force and tended to emit repetitive, forceful bites. These animals also showed chewing movements of reduced amplitude and an apparent inability to coordinate the tongue, lips, and jaw to achieve proper positioning of the bolus (also see Larson etal., 1980) . Murray et al. (in press ) trained monkeys to produce controlled biting and tongue-protrusive responses. They analyzed the effects on performance of the jaw and tongue tasks of reversible inactivation by cooling of the precental face area. A detailed analysis of mandibular and lingual force output and EMGs was provided. Percentages of successful trials during cooling were dramatically reduced for the tongue-protrusive task. For one animal, cooling virtually eliminated the tongue-protrusive response. In contrast, precentral cooling produced no change in the success rate of the animals in producing the biting task, although cooling did produce significant changes in characteristics of the force and EMG outputs associated with the production of the jaw task. These results, in addition to analysis of post-cool 257 trials and appropriate control conditions, suggest that the precentral face area plays an important role in the voluntary control of tongue and jaw force. For tasks involving essentially the same level of difficulty, however, reversible cooling had profound effects on the behavioral output for the tongue, while for the jaw behavioral goals were maintained during cortical cooling, but alterations in the fine control of jaw force output were apparent. The difference in the effects of cortical cooling on tongue and jaw tasks may be related to the fact that the output of MI is primarily excitatory to hypoglossal motoneurons but inhibitory to jaw-closer motoneurons (Clark and Luschei, 1974; Hoffman and Luschei, 1980; Huang et al., 1988; McGuinness et al., 1980) , and the effects of the removal of inhibition may be more difficult to detect than the effects of the removal of excitation.
The results of the studies mapping the inputs and outputs of the primate motor face area and of studies of this area in relation to performance of voluntarily controlled orofacial tasks have many significant implications for the development of hypotheses about the role of the precentral area in the control of speech movements. As already suggested, the essence of the control problem for speech production lies in the generation of coordinated, simultaneous movements of vocal tract structures. The intermingled, multiple representation of the muscles of the jaw, lips and tongue suggest an organization that would provide an excellent neural substrate to accomplish this task. For example, any neural system given the task of generating command inputs for hypoglossal motoneurons must be informed of the present and future positions of the jaw. Indeed, it is tempting to speculate that some basic features of the central patterning of speech movements of anterior vocal tract structures arise from the precentral face area.
In this review, the role of the primary motor cortex has been emphasized as a potential site for generating the central command signals that either directly or indirectly drive facial, hypoglossal, and trigeminal motor pools during speech. Due to space limitations, the contributions of other cortical areas to the control of anterior vocal tract movements has been neglected. As noted above, MI is a site of integration of inputs from postcentral sensory, premotor, and language areas of the cortex. These areas are likely to have profound importance for the planning and execution of speech movements. Indeed, as McNeil and Kent (1990) have noted, patients with disorders traditionally assumed to arise from impairment of language function, rather than speech motor control, e.g., aphasia, also show clear evidence of speech movement deficits. Thus, speech motor and language processes of the brain cannot be viewed as independent.
Subcortical Motor Centers a. Basal Ganglia and Cerebellum
Investigations in nonhuman primates of the role of the cerebellum and basal ganglia in the production of voluntarily controlled orofacial movements are extremely rare. One such study by Larson and Sutton (1978) demonstrated that cerebellar lesions affected mandibular motor control. Prior to making lesions in the simplex lobule, they trained monkeys to produce specified isometric biting forces or to produce a series of rapid bites. Following surgery, animals overshot the target force bands and had a reduced frequency of phasic biting. The authors noted that these changes in primate jaw force control are qualitatively similar to the changes in limb motor control observed in human cerebellar disease.
In general, it is suggested that diseases in human subjects that affect the basal ganglia and cerebellum produce deficits in orofacial motor output that are similar to the effects documented for limb movements, and cerebellar and Parkinson's diseases result in impaired speech production capabilities (e.g., Darley et al., 1975 Conflicting results were presented by Philippbar et al. (1989) . They computed spectra from isometric force output produced with the jaw and right and left hands by eight Parkinson's patients and eight age-matched normal controls. Spectral analyses of force for all subjects and effectors were presented. The remarkable aspect of these data was that no differences were observed between the control subjects and the Parkinson's patients. Some subjects showed no clearly distinguishable peaks of energy in the force output of any structure, while others had clear peaks in one or two structures. For both groups, the majority of the force spectra showed no dominant peak, but when a peak was present the normal subjects and patients had similar tremor frequencies. Philippbar et al. interpreted these results to suggest that a central tremor mechanism is not responsible for all forms of Parkinsonian tremor, and that peripheral reflexes play some role in the tremor that is characteristic of this disease.
In conclusion, it is widely accepted that the cerebellum and basal ganglia play essentially a similar role in the control of speech movements to that hypothesized for these centers in the control of limb movements (for more detailed reviews, see Barlow and Farley, 1989; Gracco and Abbs, 1987) . On the basis of human clinical evidence and some limited data from studies of expenmental animals, this seems to be a reasonable assertion; however, more quantitative studies in experimental animals and in patients with diseases affecting these centers are needed to clarify the role of the basal ganglia and cerebellum in the control of orofacial movements.
b. Brain Stem Pattern Generation Circuitry
It has been suggested that higher-level control systems in speech may make use of brain stem pattern generation circuitry for respiration, mastication, and swallowing (e.g., Grillner, 1981; Gracco and Abbs, 1986) . In other words, speech sound sequences might be produced by proper biasing or "fractionations" of central pattern generators (CPGs) for mastication and respiration. For the purposes of this review, the hypothesis that a masticatory pattern generator plays a role in the generation of mandibular movements in speech is of interest. Gracco and Abbs (1986) have suggested this hypothesis to account for observations of relatively invariant aspects of kinematic measures of upper lip, lower lip, and jaw movements (see Section IV.B, below).
Despite the intuitive appeal of this hypothesis, there are a number of experimental results that weigh against the masticatory CPG as the speech jaw movement "generator". First, as noted in Section II.B above, the patterns of mandibular movement and muscle activity for speech and mastication are not similar. A hallmark of the masticatory CPG-patterned output is the excitation of jaw-opening muscles with the concomitant inhibition of jaw-closer motoneurons (Lund, 1991) . Speech is characterized by frequent cocontraction of jaw-opening and -closing muscles (Moore et al., 1988) . Furthermore, Smith and Denny (1990) found that bilaterally coherent oscillations in the 20-to 60-Hz band observed in masseter muscles during chewing were greatly reduced or absent in speech and jaw clenching. This result suggests that the inputs to motor pools that are dominant for chewing are reduced or absent in less automatic mandibular motor tasks.
It could be argued that the likelihood that one pattern generator produces two different movement outputs decreases as evidence for differences in the patterned outputs increases. On the other hand, as Gracco (1990) has noted, CPGs are flexibly organized, and with different control inputs, it may be possible that a single CPG could produce the distinctive patterns of mandibular output observed in speech and chewing.
B. The Search for Invariant Features of Speech Motor Output
It is often assumed that features of motor output that remain invariant in the face of perturbations and over repeated performance of the behavior are centrally patterned. In contrast, those aspects of movement that vary under these conditions are thought to arise from adaptive, afferent-based control mechanisms (Lund, 1991) . The search for invariant features of speech motor output has a long tradition in speech research. As noted in Section I.B above, early candidates for invariance were vocal tract configurations and EMG patterns associated with linguistic units, but the overwhelming experimental evidence indicated that these are not invariant features in speech motor output.
In early studies it was proposed that the relative timing of articulatory events and their serial ordering might be candidates for invariance, and some preliminary results were found in support of this idea (Kent and Moll, 1975; Sussman et al., 1973) . In recent years, several groups of investigators have been concerned with the relative timing and sequencing of articulatory events. One group regards invariant characteristics of speech movements as evidence for the central patterning of movement, in the sense that the concept has been used in studies of locomotion, mastication, handwriting, and other motor behaviors (Gracco and Abbs, 1986 , 1989 Gracco, 1988) . Action theorists, on the other hand, regard invariance as evidence of the existence of coordinative structures, which give rise to the temporal regularities of speech, and from which, in turn, linguistic structure is directly perceived (Browman and Goldstein, 1986; Fowler et al., 1980) .
Tuller and colleagues (Tuller et al., 1982; Tuller and Kelso, 1984) examined interarticulator phasing in two-syllable nonsense utterances (e.g., papip) by measuring onsets and offsets of EMG activity recorded from tongue, lip, and jaw muscles and lip and jaw kinematic events across variations in stress and rate. Periods of articulatory activity were defined, and intervals within the periods were measured and called "latencies". In general, the analyses suggested that the latencies were relatively constant in the face of changes in stress and rate. The results were interpreted to be consistent with a coordinative structure "style" of movement production. Subsequently, many authors noted that the observed regularities may have been an artifact of the statistical analysis that relied on the correlation of a part, the latency, with the whole, the period (e.g., Munhall, 1985) .
In later studies, this part-whole problem was avoided by using an analysis of phase plane portraits (plots of displacement vs. velocity) to seek evidence of temporal invariance. Kelso et al. (1986) again analyzed two-syllable nonsense utterances produced with variations in rate and stress. Normalized data were used to construct jaw phase plane plots, and lip-closing movement onsets were expressed as angles on the jaw phase plane. Kelso et al. found stable phase relations between jaw-movement cycles and upper lipmovement onset with changes in rate and stress. They suggested that phonological units might be reconceptualized as stable phase relations among articulatory movements. Nittrouer et al. (1988) attempted to extend the analysis of upper lip-movement onset relative to the jaw phase plane to two-syllable utterances that varied not only in rate and stress, but in syllable structure and identity of the intermediate phonemes. Their results showed that the onset of lowering of the upper lip varied systematically with respect to the jaw cycle as a function of both rate and stress. Furthermore, syllable structures and consonant identity influenced the relationship of lip and jaw gestures. Thus this investigation produced "no support for the notion that the relative phasing of jaw vowel gestures and upper lip consonant gestures are stable across manipulations in linguistic and nonlinguistic factors" (Nittrouer et al., 1988) .
In a series of investigations, Gracco and Abbs (1986 , 1989 Gracco, 1988) have examined the relative timing of lip and jaw kinematic and electromyographic events in one utterance, "sapapple". In the first investigation, Gracco and Abbs (1986) reported that lip and jaw movements were characterized by a single-peaked ve-260 locity profile and that oral closing movements of the upper lip, lower lip, and jaw for "p" demonstrated a fixed sequence of peak velocities (upper lip, lower lip, jaw). A later study (Gracco and Abbs, 1988) indicated that this sequence was maintained following perturbations of the lower lip. In contrast to the stability of the relative timing of events, the magnitude of movements and muscle activity varied greatly across repetitions of the utterance and in response to perturbation. From such results, Gracco and Abbs (1986) concluded that speech may involve "the operation of a pattern generator comparable to that associated with motor behaviors such as swallowing, chewing, or locomotion". It should be noted that later studies included analyses of oral opening movements in addition to closing movements in "sapapple", and that these analyses failed to reveal tight temporal coupling and fixed sequencing for upper lip, lower lip, and jaw kinematic events for opening gestures (Gracco, 1988) .
Another approach to the search for invariance has been employed by Ostry and colleagues Ostry et al., 1987; Ostry and Flanagan, 1989) . They have assessed characteristics of velocity profiles of tongue and jaw movements in speech, a repetitive biting task, and other motor behaviors. It is hypothesized that an invariant velocity profile provides evidence of an "equivalence class" of movements, one that may be generated by a single underlying neural organization. Evidence related to the notion of equivalence classes of movements for speech has been mixed. Munhall et al. used an ultrasound transducer to obtain tongue movement during production of "kakak". They reported that velocity profiles were constant under changes in speech rate and stress. Ostry et al. (1987) looked for equivalence classes in tongue, jaw, and arm movements. For arm movements, velocity curves did suggest an equivalence class, while tongue and jaw curves from repeated production of single-syllable utterances revealed no systematic patterns across changes in amplitude and rate of movements. Ostry and Flanagan (1989) analyzed velocity profiles for jaw movements recorded during biting on rubber tubes and repetitions of single-syllable utterances. They reported that jaw velocity profiles for biting and speech were similar.
Despite the different vocabularies used to describe and interpret the results of these experiments, a common theme unites them. The control problem for speech would be dramatically simplified (the degrees of freedom would be reduced) if there was some central patterning of basic gestures that could be used in a variety of contexts. Gracco and Abbs (1986) have explored an intuitively appealing idea, that the temporal invariances they have uncovered are evidence of a template for oral closing movements in speech. Such results are consistent with new linguistically based models of speech production. For example, Browman and Goldstein (1986) have developed an "articulatory phonology" that has at its core the idea that articulation emerges from the interleaving of basic gestures, what they have termed "gestural constellations". In the search for fundamental articulatory gestures, the diverse theoretical approaches to the study of speech, linguistics, "classic" motor control theory, and action theory, merge. Theorists in all three camps have endorsed the existence and emphasized the significance of the idea of invariant fundamental units of movement, whether they are called articulatory gestures, equivalence classes of movement, or centrally patterned motor commands.
The convergence of theories onto the notion of a basic articulatory gesture suggests that it is an idea with intrinsic merit. Despite the general appeal of the idea, a disproportionate amount of theory development has occurred in relation to the data available that clearly support the notion. As noted above, when Nittrouer et al. (1988) enlarged the speech sample, the relative phasing of jaw and upper lip movement was no longer stable, despite the fact that the speech sample was still limited and artificial. The investigations of Ostry and colleagues also have been limited to single-and two-syllable utterances. Even with this small speech sample, their studies have produced mixed results concerning the existence of constant velocity profiles in the face of changes in rate and amplitude of speech movements. The data of Gracco and Abbs are derived from one utterance only, and within that utterance only one direction of oral movement (closing) shows the relative timing and sequencing invariances they have identified. Furthermore, McClean et al. (1990) replicated their 1986 study in a larger number of normal subjects (10) and reported that 261 4 of these subjects did not show the expected, invariant sequence of peak velocity of upper lip, lower lip, and jaw movements in the oral closing for "p".
In summary, the imbalance between theory and data in the search for relative spatiotemporal invariances in speech movements deserves correction. The advantages of limited and artificial speech samples for conducting these studies are obvious, but additional experiments like that of Nittrouer et al. are critical. For the idea of invariant templates of basic articulatory gestures to survive, these invariances must be shown for more than one gesture in more than one utterance, and hopefully their presence in natural, connected speech also may be demonstrated.
V. CONCLUSIONS
The nervous system must simultaneously control movements of the jaw, tongue, and lips during speech. Muscle activity and movements of these structures during speech are complex. Simple organizational frameworks for the description of electromyographic and kinematic events are illusive, and the problem of a unit of analysis has been a central concern for speech production researchers from the earliest work in this area.
It is likely that speech movements emerge from the integration of centrally generated command signals with afferent information. Many different channels of sensory input relevant to the speech production process are available to the CNS. Evidence accumulates that the CNS can use sensory information in both predictive and feedback control strategies, but the question of how and when sensory information is used under normal speaking conditions in children and adults is unanswered.
Progress has been made in investigations of the basic neural components that may contribute to control of movements of the anterior vocal tract. Both reflex and central pathways have been mapped in human and nonhuman primates. It seems likely that the precentral cortex plays an important role in the planning and execution of anterior vocal tract movements for speech. The extensive and overlapping representation of the tongue, lips, and jaw in the precentral face area would provide a substrate for the coordinated, simultaneous control of these structures. Investigations in nonhuman primates and in human subjects also suggest that there are differences in the central and reflex mechanisms that contribute to the control of these structures. For example, the activity of motoneurons innervating jaw-closing muscles is modulated by a variety of reflex pathways, and inputs from the precentral face area have predominantly inhibitory effects. In contrast, the few available reflex studies of tongue muscles suggest that activity of hypoglossal motoneurons is less modulated by peripheral reflex pathways, and inputs from the precentral face area produce excitatory effects in these motoneurons. Such data indicate that, in future investigations, the possibility of differential control mechanisms operating in the various structures of the anterior vocal tract should not be overlooked.
Putative answers to the question of how the CNS codes speech movements have been explored. The earliest candidates for a speech motor code, the phoneme and syllable, have been largely abandoned, or ascribed to higher-level processes that are not transparent to analyses of peripheral neuromotor events (Moll et al., 1977; Abbs, 1986) . Hierarchical models of speech production posit that linguistic units are translated into neuromuscular commands (e.g., Kent, 1976) . Action theorists propose that linguistic units are represented in stable temporal relations between articulatory movements. Current theories converge to suggest that a fundamental neuromuscular command unit may be "gestural" in nature. For example, it has been suggested that oral closing movements may be a centrally pattemed, gestural unit, but to date empirical support for this notion needs bolstering.
The study of speech production has benefited in recent years from a diversity of experimental approaches. Those who believe that speech is a "special" motor behavior because it mediates language functions challenge those whose models of speech motor organization are interchangeable with general motor control models (e.g., MacNeilage et al., 1985) . Can a general motor theory account for speech production, or must the linguistic elements of speech ultimately be intimately intertwined with motor processes at every level of the production process? This is a debate that is unlikely to be resolved in the near future and one that provides a special vigor to the study of speech movement control.
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